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INVESTIGATION OF THE NACA 4-(5)(08)-03 AND NACA 4-(10)(08)-03 TWO-BLADE PROPELLERS
AT FORWARD MACH NUMBERS TO 0.725 TO DETERMINE THE EFFECTS OF CAMBER
AND COMPRESSIBILITY ON PERFORMANCE*

By James B. DELARO

SUMMARY

As part of @ general investigation of propellers at high forward
speeds, tests of two-blade propellers haring the NACA
4—(6)(08)-08 and NACA 4~(10)(08)-08 blade designswere made
in the Langley 8-foot high-speed funnel through a range of blade
angle from 20° to 60° for forward Mach numbers from 0.165
to 0.70 to determine the effect of camber and compressibility on
propeller characteristics.  Results previously reported for
similar tests of a two-blade propeller haring the NACA
4—(8)(08)-08 blade design are included for comparison.

Blades of high design camber were more efficient than blades
of low design camber for operation at high power loadings.
The blade of highest camber gave efficiencies 15 to 25 percent
higher than the efficiencies of the low-camber and medium-
camber blades for high power loadings at adrance ratios cor-
responding to take-off and climb at low 1lach numbers. The
NACA 4—(5)(08)-08 propeller generally gare pegk efficiencies
2 to & percent higher than those for the NACA 4—(8)(08)-03
propeller and 3 to approximately 12 percent higher than those for
the NACA 4—(10)(08)-08 propeller. These higher efficiencies
were due mainly to reduced compressibility losses. Af the
design blade angle of 46°, the eritical tip Afach number
for marimum efficiency was 0.01 higher for the NACA
4—(6)(08)-08 propeller than for the NACA 4—(3)(08)-08 pro-
peller, which began to show compressibility losses at a tip Alach
number of approrimately 0.90. The NACA 4-(10)(08)-03
propeller began fo show compressibility losses at a tip Mach
number as low as 0.70 but, because of the large power-absorbing
eapacity of this propeller, produced about 46 percent more
thrust than the NACA 4—(6)(08)-083 propeller for a high-speed
operating condition corresponding to & tip Mach number of
0.86, a forward Mach number of 0.638, and an adrance ratio
of 2.48.

INTRODUCTION

Many airplanes now take off and climb with propellers
at least partly stalled, and the tendeney to use increasing
powers may aggravate a condition that is already serious.
Flight at high ealtitudes also may necessitate propeller
operation at high lift coefficients, which would increase
possible stall and compressibility effects and result in e
reduction of propeller efficiency.

The National Advisory Committee for Aeronautics has
attempted to improve propeller performance by conducting
a generel investigation of propellers at high forward speeds.

This investigation included the effects on propeller character-
isties of compressibility, blade solidity, and blade-section
camber. The research program included tests of propellers
of a sufficient range of blade forms to make possible the
study of changes in blade shapes that might be required as
a consequence of compressibility effects.

The effects of compressibility and solidity on performance
as determined from tests of the NACA 4-(3)(08)-03 and
NACA 4-(3)(08)-045 two-blade propellers (reference 1)
constituted the initial phase of a general investigation of
propellers at high forward speeds. The effects of camber
and compressibility on performance as determined from
tests of the NACA 4-(5)(08)-03 and NACA 4-(10)(08)-03
two-blade propellers constituted the second phase of the
investigation and are presented herein. These results are com-
pared with results of referenc . for the NACA 4-(3)(08)-03
propeller, in order to indicate the effects of section design
camber for propellers operating over a wide range of
forward Mach number. These three blade designs cover
the practical range of blade section camber.

SYMBOLS
B number of blades
b blade width, feet
b/D blade width ratio
e blade-section profile-drag coefficient
¢ blade-section lift coefficient,
€, blade-section design lift coefficient
Cr power coefficient (p_nfﬂ)
Cr thrust coefficient pnTTD‘)
Croes maximum thrust coefficient
D propeller diameter, feet
G Goldstein tip-correction factor
h meaximum thickness of blade section, feet
h/b blade thickness ratio
J advance ratio (Vy/nD)
Af tunnel-datum (forward) Mach number (tunnel-

empty Mach number uncorrected for tunnel-
wall constraint)

Az, " helical tip Mach number (JI-\/ 1-1—(-})’ ' _

n propeller rotational speed, revolutions per second
P power absorbed by the propeller, foot-pounds per
second

1 Bupersedes NACA ACR L5F15, “Investigation of Two-Blade Propellersat High Forward Bpeeds in the NACA 8-Foot High-Speed Tunnel. TII—Efzets of Camber and Compressibiity

NACA 4£-(5)(08)-03 and NACA 4-(10)(08)-03 Blades” by James B. Delano, 1045,
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P. power disk-loading coefficient L
1 3
'2‘ p Vo S
R propeller tip radius, feet
r blade-section radius, feet
2

S propeller disk area, square feet (T—4D—>

T propulsive thrust of propeller, pounds

T. thrust disk-loading coefficient (P—Tzﬁ—,)

Vv tunnel-datum velocity (tunnel-empty velocity
uncorrected for tunnel-wall constraint), feet
per second :

Vy equivalent free-air velocity (tunnel-datum veloc-

ity corrected for tunnel-wall constraint), feet
per second

riR blade-section station
. . . -1 ac;
oy induced angle of attack, degrees (tan 1Gsing
B section blade angle, degrees
Bo.138 section blade angle at 0.75 tip radius, degrees

¢
y=tan"} c—“; degrees
]

propulsive efficiency (%“3 J )
~ P

n

M pus maximum. propulsive efficiency

P air density, slugs per cubie foot

g total blade-section solidity (B&/2xr)

¢ acrodynamic helix angle, degrees (¢o+ ;)
do geometric helix angle, degrees (tan‘lg)

APPARATUS, METHODS, AND TESTS

The apparatus and methods described in reference 1 were
used in the present investigation. The investigation was
conducted in the Langley 8-foot high-speed tunnel. A
photograph showing the model setup is given as figure 1.

The blades of the propellers investigated were designed for
three-blade propellers to produce minimum induced energy
losses (profile drag assumed equal to zero) at a blade angle of
approximately 45° at the 0.7-radius station. The blade
sections are late-critical-speed sections of the NACA 16 series
(veference 2); methods and principles employed in the design
of the blades are discussed in reference 3. The blades
differ only in design camber and are designated as NACA
4-(3)(08)~03 (low camber, reference 1), NACA 4-(5)(08)-03

F1oURrE 1.—8etup for testing propellers in the Langley 8-foot high-spead tunnel,
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(medium camber), and NACA 4-(10)(08)-03(lugh camber).

The designation numbers describe the propellers. The
number (or numbers} of the first group is the diameter in
feet; the number (or numbers) of the second group (enclosed
within the first set of parentheses) is the design lift coefficient
(in tenths) of the blade section at the 0.7-radius station;
the numbers of the third group (enclosed within the second
get of parentheses) are the thickness ratio of the blade section
at the 0.7-radius station; and the numbers of the fourth
group are the blade solidity expressed as the ratio of the
blade chord at the 0.7-radius station to the circumference of
the cirele having a radius 0.7 of the propeller tip radius.
The NACA 4-(10)(08)-03 propeller thus has a diameter of
4 feet and the blade section at the 0.7-radius station has a
design lift coefficient of 1.0, a thickness ratio of 0.08, and
& blade solidity of 0.03.

Blade-form curves for the propellers are presented in figure 2.
A photograph of one of these blades and & comparison of
the sections at the 0.7-radius station are given as figure 3.

The range of this investigation was the same, within power
limitations, as that of reference 1. The range of blade angle
and tunnel-datum Mach number is given in table I.

REDUCTION OF DATA

The data have been reduced to the usual thrust and power
coeficients and efficiency and have been corrected for the
propulsive effects of the cowling and spinner and for tunnel-
weall constraint. The tunnel-wall constraint necessitated a
velocity correction to free-air conditions and a model-drag
correction because of the buoyancy effect. The methods
involved in making these corrections arc discussed in refer-
ence 1.
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Thrust—The thrust coefficient was determined from the
propulsive thrust, that is, the net measured force minus the
drag of the model without the propeller and minus the
thrust due to the buoyancy effect (see reference 1).

Velocity correction due to tunnel-wall constraint.—The
equivalent free-stream velocity corresponding to the thrust
and torque of the propeller measured at each rotational
speed differs from the tunnel-datum velocity (tunnel empty)
because of the flow constraint produced by the tunnel walls.

COMPRESSIBILITY ON PROPELLER PERFORMANCE
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TABLE [—TEST RAXGE OF BLADE ANGLE AND MACH

NTMBER
Tunmel-
datum
(forward) Blude angle 7&12;17)5 radius, 80752
\ number,
M
0.185 «2 25 30 35 40 45 50 55 60
] «x 25 30 35 40 45 50 &5 60
.35 25 30 35 40 45 50 5 60
.43 35 40 45 50 & 60
. W88 10 45 50 55 60
I .80 45 50 55 60
.85 50 55 60
.65 50 55 60
.70 50 56 0
LT25 50 55 60
= Except for NAC A 4-(10)(08)-03 pro .
¢ Except for NACA £(3)(08)-03 and Efueé.i 4-(5)(08)-03 propellers.

The velocity correction, which has been applied to the calcu-

lation of advance ratio, is presented in figure 4 as the ratio of

free-air velocity to the tunnel-datum velocity (tunnel empty)
as a function of the thrust disk-loading coefficient. The
tunnel-wall correction was found to be dependent only on
the thrust disk-loading coefficient for the range of tunnel
speed and propeller operation used in this investigation.

The tunnel-datum Mach number hes not been corrected
for tunnel-wall constraint. For the range of velocity shown
in figure 4, the factors required to correct the tunnel-datum
velocity and tunpel-datum Mach numbers to the free-
stream condition are essentially equal.

RESULTS AND DISCUSSION

The basic characteristies for the NACA 4-(5)(08)-03 and
NACA 4-(10)(08)-03 two-blade propellers are presented in
figures 5 and 6, respectively. For each value of the tunnel-
datum Mach number the propeller thrust coefficient, power
coefficient, and efficiency are plotted against advance ratio.
The variation of tip Mach number with advance ratio is
also included. As used in this report, the tunnel-datum
Mach number 1/ is not corrected for the effects of tunnel-wall
constraint. The free-stream Mach number can be obtained
by applying the tunnel-wall corrections presented in figure 4
to the tunnel-datum Mach number. Similarly, the corrected
tip Mach number can also be obtained.
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Effect of camber on thrust coefficient.—The primary
effect of using propeller blades of increased design camber
(increased design lift coefficient) is to increase the power
absorbed by the blades and consequently to increase the
thrust. A typical illustration of the inecrease in thrust

produced by increasing the design camber is shown in figure 7 -

in which the thrust coefficients for the high-camber, medium-
camber, and low-camber propellers for a blade angle of 45°
and a forward Mach number of 0.23 are compared. The
power-coefficient curves are similar and hence are not shown.
For cases in which take-off and climb performances are of
prime importance, the increased thrust produced by the
blades of high design camber may determine the design;
greater thrusts may be produced with no increase in propeller
weight. The maximum thrust coefficient and the thrust co-
efficient for maximum efficiency alse increase with an increase
in design camber, as shown in figures 8 and 9 for Mach
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numbers of 0.165 and 0.35, respectively. The percentage of
increase in thrust is less than the percentage of increase in
corresponding design camber. The maximum thrust coef-
ficients for the medium-camber propeller are 7 t¢ 11 pereent
greater than for the low-camber propeller. The maximum
thrust coefficients for the high-camber propeller are 41 to
46 percent greater than for the low-camber propeller. The
increases in thrust coefficient for maximum ecfficiency are
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much greater than the increase in maximum thrust coefficient.
The thrust coefficients at maximum efficieney are 30 to 79
percent greater for the medium-camber propeller and 105
to 165 percent greater for the high-camber propeller than for
the low-camber propeller.

Operation at high angles of attack may cause the blade
sections to become stelled or nearly stalled so that the pro-
peller efficiency is decreased because of increased profile-
drag losses. The pressure distribution over these blade
sections is therefore far from optimum and has high peaks
that have a tendency to cause flow separation or to initiate
compressibility shock. The use of blades of high design
camber, however, makes it possible for the blade sections to
operate at high section lift coefficients, which are obtained
at angles of attack much lower than for blades of low design
camber; thus, the tendency of the flow to separate is reduced
and stalled conditions are largely eliminated. Since the
pressure distribution about the sections may closely approxi-
mate the design distribution, the profile drag and the tend-
ency for shock to be initiated are reduced.

Effect of camber and power loading on efficiency.—The
effect of blade power loading on propeller efficiency for the
high-camber, medium-camber, and low-camber propellers is
shown in figure 10 for a forward Mach number of 0.165.
Values of the power coefficient of about 0.10 for these
propellers represent operation at high lift coefficients for
values of the advance ratio corresponding to take-off and
climb. For this condition, the propeller efficiency decreases
very rapidly as the power coefficient is inereased beecause of
the increased profile-drag losses and the failure of the lift to
increase beyond the maximum seetion lift coefficient with
further increase of angle of attack. The ideal efficiency
computed from the momentum theory is elso shown in figure
10 for comparison. The divergence of the measured effi-
ciency from the ideal efficieney emphasizes the magnitude of
the profile-drag and induced losses.

The effect of design camber for constant values of power
coefficient is shown in figure 11 for a forward Mach number
of 0.165. At low advance ratios corresponding to take-off
and climb, increased camber gives increased efficiency at
high power coefficients. At these high power coefficients,
the high-camber blade is 15 to 25 percent more efficient than
the lIow-camber and medium-camber blades. At low ad-
vance ratios and for low power coefficients, the high-camber
blade is approximately 5 percent less efficient than the low-
camber and medium-cember blades. These variations em-
phasize the necessity for choosing the correct blade camber
to meet operational requirements. The high-camber blade
is generally more efficient than the low-camber and medium-
camber blades up to values of the advance ratio approxi-
mately 10 times the value of the power coefficient. The
medium-camber blade is generally as much as 5 percent more
efficient than the low-camber blade for the same operating
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range. These results suggest that a satisfactory compromise
propeller may be designed by proper selection of the design
camber.

Single-station analysis of camber effects.—In order to
show the effect of design camber and operating lift coeffi-
cients on propeller section efficiency, the results of tests of .
the NACA 16-series airfoil sections of 9-percent thickness
(reference 2) were chosen as representative of the seetion at
the 0.7-radius station. Since this analysis is not an attempt
to explain or present compressibility effects, data at a Mach
number of 0.45 are used. It can be shown that the section
efficiency is given by

— tan ¢,
T tan (p+7)

Figure 12 shows the results obtained by use of equation (1).
For a given operating lift coefficient, the induced angle of
attack for all the sections is the same; hence, the efficiency
shows the effect of Iift-drag ratic. The most obvious result
is that the sections with design lift coefficients between 0.3
and 0.5 are the most efficient, because these sections have
the highest lift-drag ratios at maximum efficiency. For
sections with design Iift coefficients of 0.3 and lower, the
maximum efficiency occurs at operating lift coefficients
greater than the design lift coefficients. For sections with
design lift coefficients higher than 0.3, the meximum effi-
ciency occurs at operating lift coefficients lower than the
design lift coefficient. The maximum attainable efficiency
at any blade operating lift coefficient is represented by the
envelope of the efficiencies in figure 12. The greatest effi-
ciency attainable for operation at a given lift coefficient
occurs when the section has a design lift coefficient equal to
the operating lift coefficient.

Effect of compressibility on maximum eflciency.—The
envelope efficiencies for the high-camber, medium-camber,
and low-camber propellers are presented In figure 13 for
forward Mach numbers from 0.23 to 0.70. The values of
advance ratio at which propeler tip Mach numbers of 0.9,
1.0, and 1.1 are reached are indicated by vertical dash lines
labeled with the value of 1/,. The medium-camber propeller
gave the highest efficiencies for all advance ratios and for
forward Mach numbers up to 0.53. In most cases, the
medium-camber propeller was 2 to 5 percent more efficient
than the low-camber propeller. The high-camber propeller
gave peak efficiencies 3 to approximately 12 percent lower
than those for the medium-camber propeller; the higher
efficiency losses were due mainly to compressibility effects.
At tip Mach numbers greater than approximately 0.90, the
low-camber and medium-camber propellers showed com-
pressibility losses. The high-camber propeller, however,
showed an appreciable compressibility loss at 2 tip Mach
number considerably below 0.90, but the efficiencies were
still above 82 percent.

(1)
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F1GURE 11.—Effvct of design eamber and power loeding on efficlency. Af=0.165.
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The effect of compressibility on maximum efficiency is
shown in figure 14 for a blade angle of 45°. Maximum
efficiency differed very little for the low-camber and medium-
camber propellers with eritical tip Mach numbers of approx-
imately 0.90 and 0.91, respectively. The high-camber pro-
peller begins to show compressibility losses at a tip Mach
number of 0.70, but the rate of loss is less than that for the
low-camber and medium-camber propellets. The low critical
speed of the propeller with the highest camber obviously
excludes the use of this propeller for very efficient high-speed
operation. The early compressibility losses for the high-
camber propeller are due, in part at least, to the high power
absorbed. If the low-camber and medium-camber propellers
absorbed the same power as the high-camber propeller, these
propellers would have to operate at high angles of attack; this
operation would produce high pressure peaks and perhaps
earlier and more extensive compressibility losses.

In order for the low-camber and medium-camber propellers
to absorb the same power as the high-camber propeller and
still operate at high efficiencies, a considerable increase in
solidity would be necessary. The large power-absorbing
capacity of the high-camber propeller, however, makes it
useful for conditions of operation at which large values of
thrust are required, even at high speeds. For example, the
influence of design camber on maximum efficiency and on
the power absorbed at maximum efficiency is presented in

figure 15 for an advance ratio of 2.48 at forward Mach num-
bers of 0.23 and 0.53 (tip Mach numbers of 0.37 and 0.86,
respectively). For these conditions, the high-camber pro-
peller shows a compressibility loss of 8 percent. The high-
camber propeller absorbs 55 percent more power than the

. medium-camber propeller and 75 percent more power than

the low-camber propeller at a forward Mach number of 0.53.
The corresponding differences in efficiency are reductions of
9 and 10 percent, which result in net thrust increases of 46
and 65 percent, respectively, for the high-camber propeller;
in addition, these increases in thrust are obtained with no
increase in propeller weight.

Effect of compressibility and power disk loading on maxi-
mum efficiency.—The effects of power disk-loading coeflicient
P, and compressibility on maximum efficiency are shown in
figure 16. The curve for the ideal efficiency obtained from
axial-momentum considerations is also shown. The ideal
efficiency deviates from 100 percent solely because of the
induced loss due to increasing the axial velocity of the air in
the slipstream. The additional losses for an actual pro-
peller, however, are due to profile-drag and rotational induced
losses. The induced losses for these propellers are small, and
the differences shown between the ideal and the measured
efficiencies are principally due to blade drag loss. At agiven
value of the forward Mach number, increased values of P,
correspond to loadings at low values of the advance ratio.
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FioURE 16.—Effect of power disk loading and compresstbility on maximum efficlency.

At low values of the forward Mach number (fig. 16 (a)), for
example, the maximum-efficiency curves for the three pro-
pellers are parallel for high values of P, and are relatively
close to the ideal-efficiency curve. This agreement is ex-
pected, because these propellers have approximately the
optimum pitch distributions for these values of P, and be-
cause the profile-drag and induced losses are not expected to
change very much. Since at a constant forward Mach number
the high values of P, for each curve correspond to opera-
tion at the highest tip speeds for that condition, compressi-
bility losses would appear at the high values of the power
disk-loading coefficient. No compressibility losses appear
for the low forward Mach numbers. For all propellers,
large losses begin to appear at & forward Mach number of
0.53 and are most severe for the low-camber propeller and

least severe for the medium-camber propeller. At a Mach
number of 0.65, the high-camber propeller appears to be more
efficient than the other propellers for operation at the high
power disk-loading coefficients. Of particuler interest is the
greatly reduced range of power disk-loading coefficient for
which the maximum efficiencies obtained at low Mach num-
bers can be maintained at high forward Mach numbors.
Similar results are shown in reference 1. At forward Mach
numbers of 0.53 or greater, the range of power disk-loading
coefficient that gives high efficiencies for the low-camber pro-
peller is greatly reduced because of compressibility losses.
Previous results (reference 1) have indicated that the range
of power disk-loading coefficient for high efficiency may be
selected by change of blade solidity. The results reported
herein also indicate that the same effect can be produced by
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change of camber. This effect is particularly pronounced
for forward Mach numbers of 0.53 and 0.65 (figs. 16 (d) and
16 (e)). The medium-camber and high-camber propellers
can operate more efficiently at high values of the power disk-
loading coefficient, but compressibility effects have con-
siderably lowered the efficiencies. Changing the design
camber thus offers another possibility of operating at high
power disk loadings without too much loss in maximum
efficiency.

The power disk-loading coefficient for which low-speed
efficiencies may be maintained at high speeds can also be
increased by using a greater number of similar blades, as
was pointed out in reference 1. For operation at very high
speeds, particular consideration must therefore be given to the
aerodynamic design. The design of a propeller then ap-
proaches the design for a specific condition of operation to
obtain high efficiencies because of the reduced range of
available power disk loading.

CONCLUSIONS

Two-blade propeliers designated the NACA 4-(5)(08)-03
(medium ecamber) and the NACA 4-(10)(08)-03 (high
camber) propellers have been investigated in the Langley
8-foot high-speed tunnel through a range of blade angles
from 20° to 60° for forward Aach numbers from 0.165
to 0.70 to determine the effect of camber and compressibility
on propeller characteristics. The results of these tests and
comparisons with results obtained from previous tests of the
NACA 4-(3)(08)-03 (low camber) propeller indicated the
following conclusions:

1. Propellers of high design camber were more efficient
than propellers of low design cember for operation at high
power coefficients. The propeller of highest camber gave
efficiencies 15 to 25 percent greater than the efficiencies of
the low-camber and medium-camber propellers for high
power coefficients at advance ratios corresponding to take-
off and climb at low Mach numbers. .

2. The medium-camber propeller generally gave peak
efficiencies 2 to 5 percent higher than the low-camber

propeller and 3 to approximately 12 percent higher then the
high-camber propeller. The high-camber propeller was
operating at much higher power coefficients, which led to
early compressibility effects.

3. The critical tip Mach number for maximum efficiency
at the design blade angle of 45° was 0.01 higher for the

medium-camber propeller than that for the low-camber

propeller, which began to show compressibility losses at a
tip Mach number of approximately 0.90. The high-camber
propeller, which was operating at higher power coefficients
than the other propellers, showed the largest compressibility
losses. The compressibility losses for the high-camber
propeller began at & tip Mach number as low as 0.70 but
efficiencies of more than 82 percent were still maintained.

4. For & forward Mach number of 0.563 and an advance
ratio of 2.48 (tip Mach number of 0.86), the high-camber
propeller showed a compressibility loss of 8 percent in
maximum efficiency but, because of the large power-absorbing
capacity of this propeller, produced about 65 percent more
thrust than the low-camber propeller and 46 percent more
thrust than the medium-camber propeller.

5. The range of power disk-loading coefficient over which
high efficiencies could be obtained was greatly reduced at
high speeds.

LaNGLEY MEMORIAL AERONATTICAL LABORATORY,
NatroNan Apvisory COIMNMITTEE FOR ABRONAUTICS,
Laxerey Frewp, Va., May 7, 1845.
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